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Background: Ob jectives

*Apply advanced computational technologies to the
problem of coupling high-resolution Earth system
models

*Combine the emerging technologies of the
Earth System Modeling Framework (ESMF),
*the Land Information System (LIS). and
*the Grid Analysis and Display System (6rADS)/
Distributed Oceanographic Data System (DODS)

*Couple LIS to the
*The Weather Research and Forecasting (WRF)
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Background: Why Couple?

To improve water and
energy cycle prediction

- Observed
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Uncoupled

Station Data

Global, Regional
(Re-)Analyses

LSM Ensemble

Noah, CLM2, Mosaic, ESMF

Satellite Products HYSSIiB, VIC

6rADS/DODS

Server

WRF

GCE
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N Weather Research and Forecasting (WRF) Model@&H
"

Aspects of Design
Single-source code

Fortran90 modules, dynamic memor
structures, recursion

Hierarchical design
— Driver layer
— Model layer
— Mediation layer

Multi-level parallelism

Config
Inquiry

2
7 Data formats,|

Config ‘WREF Tile-callable Z Parallel I/O
=1

Module Subroutines
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Weather Research and Forecasting Model

Development Task 2000 2001

2002 2003 2004 2005-8

limited physics, standard initialization)
Implementation and evaluation of
alternative prototypes

Evaluation of alternative vertical
coordinates

WRF model physics

3-D VAR assimilation system

4-D VAR assimilation system

—

Testing for initial operational use
at NCEP, AFWA and FSL

N—

Routine diagnosis of operational
performance & of future refinements

Basic WRF model (single dynamic core,_b.

Research guality NP version of WRF

> @
> @
Advancef
ﬁ .
Simple Basic Resdarch suite Advanced|suite
Basic Researth Advapced
» @ ] » O—p
Basic Advanced
el | () —p () =P
)
o

@ Release and support to community

NWP=Numerical Weather Prediction; VAR=variational; NCEP=National Centers for Environmental Prediction;
AFWA=Air Force Weather Agency: FSL=Forecast Systems Laboratory

@ Implementinto operations
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WRF STa‘rus

WPV2.0 Release (

‘What is in WRF V2.0?
Advanced Research WRF (ARW) dynamical core:
Eulerian mass coordinate

One-way and two-way nesting

1
| Key project requirement

‘New physics options, including :
‘Noah Land Surface Model (LSM),
Rapid Update Cycle (RUC) LSM,
-Ysu Planetary Boundary Layer (PBL), and
-Grell-Devenyi ensemble

‘ESMF time manager

‘Enhanced I/0 options

‘Enhanced Runtime System Library (RSL)

‘New Standard Initialization (SI) V2.0 B”ilt.on Message

*WRF 3-Dimensional Variational Assimilation —955& ’”w”f“ce
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Not actually ESMF,
but a recoded F90
version of ESMF'!!




Goddard Cumulus Ensemble (GCE) Model

Parameters/Processes GCE Model
Dynamics Anelastic or Compressible
2D (Slab- and Axis-symmetric) and 3D
Vertical Coordinate Z (p, terrain)
2-Class Water & 3-Class Ice
Microphysics 2-Class Water & 2-Moment 4-Class Ice
Spectral-Bin Microphysics
Numerical Methods Positive Definite Advection for Scalar Variables;
4th-Order for Dynamic Variables
Initialization Initial Conditions with Forcing
from Observations/Large-Scale Models
FDDA Nudging
Radiation k-Distribution and Four-Stream Discrete-Ordinate Scattering (8
bands)
Explicit Cloud-Radiation Interaction
Sub-Grid Diffusion TKE (1.5 order)
Ocean Mixed Layer
Surface Processes 7-Layer Soil Model (PLACE)
CLM - LIS
TOGA COARE Flux Module
Parallelization OPEN-MP and MPI
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Goddard Cumulus Ensemble Model Simulations

midlatitude tropical
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processes in the tropical system and from the melting of large In the midlatituwde system
= the midlatitude system produces stronger updrafts and more ice aloft as a result uf ter

instability, while the trnpimlmte:nhu a much larger stratiform region as result o
modster environmenit.

* both simulations ?ﬂ:-wzﬂ with observations and yield cloud data sets that are used o
develop rainfall eating algorithms.

W.—E. Tao (Code 912, NASA GSFC), S. Lang (Code 912,SSAI), ¥. Wang (Code 91 Z, JCET)
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GCE V1.0 Release (June, 2004)

Project advancement

What is in GCE V1.0? }/

Place Land Surface Model (LSM)
Message Passing Interface (MPI) parallelization
Cyclic lateral boundary conditions

GCE V2.0 Release (Expected July, 2005)| Froject advancements
What will be in GCE V2.0?

Place and all LIS LSMs }
ESMF Virtual Machi . allali
Cyclic and open bound Key project requirement
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NAS

§ The Earth System Modeling Framework (ESMF)

http://www.esmf.ucar.edu

Climate NASA GSFC PSAS
' \\5
Weather NCARILANL CCSM
Data
A SSim Ila tIO n | NSIPP Seasonal Forecast : h

C. DeLuca/NCAR, J. Anderson/NCAR, V. Balaji/GFDL, B. Boville/NCAR, N. Collins/NCAR,

T. Craig/INCAR, C. Cruz/GSFC, A. da Silva/GSFC, R. Hallberg/GFDL, C. Hill/MIT, M. Iredell/NCEP,
R. Jacob/ANL, P. Jones/LANL, B. Kauffman/NCAR, J. Larson/ANL, J. Michalakes/NCAR,

E. Schwab/NCAR, S. Smithline/GFDL, Q. Stout/U Mich, M. Suarez/GSFC, A. Trayanov/GSFC,

S. Vasquez/NCAR, J. Wolfe/NCAR, W. Yang/NCEP, M. Young/NCEP and L. Zaslavsky/GSFC
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ESMF Status

Planned (Actual) Milestone

May 2002 Draft Developer’s Guide and Requirements Document completed
1st Community Requirements Meeting and review held in D.C.

July 2002 ESMF VAlidation (EVA) suite assembled

August 2002 Architecture Document: major classes and their relationships
Implementation Report: language strategy and programming
model
Software Build and Test Plan: sequencing and validation

May 2003 ESMF Version 1.0 release, 2" Community Meeting at GFDL

November 2003 First 3 interoperability experiments completed

April 2004 (July 2004) Second API and Version 2.0 software release, 3"9 Community
Meeting (Version 2.0.2 released in October 2004; and Version
2.1.0rp2 released in March 11, 2005)

November 2004 All interoperability experiments complete; all testbed applications
(Expected Nov 2005) compliant

January 2005 (Expected Final delivery of source code and documentation

Jan 2006) ESTO
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ESMF coupling schematic

ESMF Conceptual
Design

Components Layer:
Gridded Components
Coupler Components

Model Layer

Fields and Grids Layer

Low Level Utilities

External Libraries

Component Coupling:

e.g., LIS-GCE

ESMF Superstructure

Model
Component

ESMF Infrastructure

BLAS, MPI, NetCDF, ...

Component Coupling:
e.g., LIS-WRF

ESMF Superstructure

l Model
Sub-component

ESMF Infrastructure

BLAS, MPI, NetCDF, ...
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LIS-GCE and LIS-WRF coupling

LIS-GCE LIS-WRF

Create gceComp , bsComp | Create iia['nmp_. .
gce2lisCpl . lis2gceCpl wrf2lisCpl, lis2wrfCpl
setServices setServices
| i=t0
— =10 WERF-surface
ES}'.EF_StEtEZ ECEEXIJCIIT ES:'L:F_S[E[E‘Z “TE};IJEIT[
aceZlisCl wrf2lisCpl
' ESMF _Stafe: lisl
ESMF _State: lisImport R
. lisComp
sComp
ESMF_State: lisExport
ESMF _State: isExport
lis2wrfCpl
lis2gceCpl
ESMF_State: wrflmport
ESMEF _State: gcelmport WRF-surfacs
ESMF _5State: geeExport diver
gceComp
— t=tl —n *dt | t=tl+n*dr
Finalize
Finalize

Earth-5un System Technelogy Office
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N \ f performs manages sessions,
~_ analysis translates dataset  supports extended request types for
operations names analysis, upload
GrADS data P ’
GRIB data o
NetCDF data o GrADS DODS server | Java
etc.. kbatch mode libraries servlet
3
Result .
internet
cache | /
holds temporary data DODS data and requests .
(uploaded, generated by Chent
a previous operation, or
transferred directly - \

from another server) for
use in remote analysis

; ) . ) ; Matlab
.  DODS client libraries i >

"""""""""""""""""""""""" IDL
data appears to client as local file, in a
L etc.. J

standard format (i.e, NetCDF, etc.)
ESTO

Earth-5un System Technelogy Office

Joe Wielgosz: 5/25/00
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6rADS-DODS Server (6DS) for IHOP

|® GrADS-DODS Server - info for /AIST-DATA/INPUT/IHOP-NARR/200206/20020612/narr-a_221_20020612_0000_000 - Mozilla Firefox E]
File Edt View Go Bookmarks Tools Help W
‘@ M~ /I %Q @ [j http:{flisdata.gsfc.nasa.gov:9090/dods/AIST-DATA{INPUT/IHOP-NARR[200206/20020612/narr-a_221_20020612_0000_000.info ‘l| @,
[j Firefox Help [j Firefox Support [j Plug-in FAQ [j Organizer Functions

GrADS-DODS Server - top level - AIST-DATA - INPUT - [HOP-NARR - 200206 - 20020612 - narr-a 221 20020612 0000 000 }%}
GrADS-DODS Server - info for
/AIST-DATA/INPUT/IHOP-NARR/200206/20020612/narr-a_221_20020612_0000_000 : dds das
DODS URL: http:/flisdata gsfc nasa. gov:9090/dods/AIST-DATAMNPUTTHOP-NARR/200206/200206 1 2/narr-a_221_20020612_0000_000
Description: Daily North American Regional Reanalysis - (8) 3hr time steps
Documentation: none provided
Longitude: -220%E to -0.625°E (586 pomts, avg. res. 0.389
Latitude: 0°N to 89.625°N (240 points, avg. res. 0.38%
Altitude: 1000 to 100 (29 points, avg. res. 32.14)
Time: 00Z12JTUN2002 to 21Z12JUN2002 (8 points, avg. res. 3.0 hours)
Variables: (total of 187)
clwmuaprs anl cloud water [kgikg] [Visualize!]
nodlftx180 Omb  anl 180-0 mb above gnd best (4-layer) lifted index [k] [Visualize!]
acpep ** (-3 hr acc convective precipitation [kg/m”2] [Visualize!]
albdosfc anl surface albedo [%6] [Visualize!]
apcp ** (-3 hr acc total precipitation [kgim™2] [Visualize!]
apcpn ** (-3 hr acc total precipitation (nearest grid point) [kgim”2] [Visualize!]
bgrun ** (-3 hr acc subsurface runoff (baseflow) [kgim™2] [Visualize!]
bmixlhlevl anl hybrid level 1 blackadars mizing length scale [m] [Visualize!]
capesfc anl surface convective available potential energy [1kg] [Visualize!] [w]
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6rADS-DODS Server (6DS) for IHOP

|@ apcp of http://lisdata.gsfc. nasa.gov: 9090/dods/AIST-DATA/INPUT/IHOP-NARR/200206/20020612/narr-a_221_20020612_0000_000 - Mozilla Firefox

File Edit Yiew Go Bookmarks Tools Help u
O v "{Q @ v http:fflisdata.gsfc.nasa.gov/las-binfgdsplot.pl E ’CL
D Firefox Help D Firefox Support D Plug-in FAQ D Organizer Functions
)
apep 12Z12JUN2002 A
41N s ' - >
40.5N
40N
349.5N
38N [ f ] [' t t]
385N Zoom in Zoom out
38N Set contour levels:
3750 croin: |
3?N ..... c¥nax 18 =
£ -l:El 1
36.5N o
36N Select plot type:
3550 Shaded (v
35N
Jump to (lat, lon):
34.5N 11.95
34N 10750 9250 |
1070 106W  105W 1040 103W 1020 1010 100W 99w S7W 96l 95W  od4W 93w 33.75
I | Gl
1 2 3 4 S 6 7 3
| |
| Enter a new time step (max: 8): 5 Enter a new level (max: 29): ‘1 [ Plot ] | | =) To data page | [v]
Done
mw [ Adobe Acrabat Profe... l (222 Windows Explorer v ) AlST-02-0133 interii.. | l ) 5148PM
éll‘@_- Wednesday
2B A [ &) GPM Ground Validatio. . “ 5 Caleulator ][ ) perospace_Peters-Li... ] | W% 11j17j2004
. . . . . . €arth-Sun System Technology Offi
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THOP “Golden Day" Synthetic Case

13:55 UTC

GOES=Geostationary Operational Environmental Satellite [HOF Jun 6, 2002 Lamont, OK
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Synthetic Case Experimental Design

Soil Moisture Condition

Dry Wet Half
Wet/Half Dry

Bare Soil Baredry Barewet Barewetdry

Vegetated Grassdry Grasswet Grasswetdry
(Grassland)

Vegetation Condition

Coupling High-Resolution Earth System Models Using Advanced Computational Technologies 21



Synthetic Case Evaluation

Comparison of Input Radiation

Sdldouny far baradny

..........
ol ¢ — -
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Synthetic Case Evaluation

Comparison of Energy Terms and Balance for Grasswet Case

1000 Sl:»net for qrasswat : 1000 Lunet for qrosaust : 1000 Qle for qrosaust :
: + QOE-LI + QOE-LI + GQOE-LI
800 e s DV atzniiha, 8OO stz aiihe BOD aegapibos
v T, & LEF LI & LEF LI & LEF LI
800 i %‘ 800 800
24 Y
4001 {J‘J \%N 400 400 o
: 4 £ iy,
\ Ress By
200 ‘ 200 200 Kout a7 &
0 0 0
= ALY
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1000 @h for qrasauwat : 1000 Qg for qrasauwat : 1000 Enarqy balancs far orossust :
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800 stz uiiha, 8O0 atsaiihe BOD aeEaibos
o VRF-LIE o VRF-LIE o VRF-LIE
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Synthetic Case Evaluation

Factor Separation: Impact of Wet Soil and Grass Relative to Bare, Dry

Coupling High-Resolution Earth System Models Using Advanced Computational Technologies 24

Variable Wet Soil Grass Interaction
GLW (Wm-2) -4.7 3.1 14
Longwave Radiation
SWDOWN (Wm-2) -2.0 4.3E-02 -1.6
Shortwave Radiation
HFX (Wm-2) -155 39 -54
Sensible Heat Flux
LH (Wm-2) 176 -5.8E-03 116
Latent Heat Flux
Q2 (kg/kg) 3.82E-03 | -1.80E-04 1.54E-03
2-m Air Humidity
T2 (K) -5.49 0.26 -0.72
2-m Air Temperature
PBLH Planetary Boundary -490 191 -149
Layer Height (m)
ESTO



Impact of ESMF on Coupled Performance

Weather Research and Forecasting Model (WRF) Goddard Cumulus Ensemble Model (GCE)

18 18

5 -+ Default WRF 6 | -+ Default GCE
— = LIS-WRF g — = LIS-GCE

—

S~
Il

—

~
Il

N
N
|
—
N
|

—
o
|
—
o
|

Total elapsed time (hrs)
oo

Total elapsed time (hrs)
oo

6 - 6 -
4 - 4 -
2 - 2
0 ‘ | | 0 ‘ ‘ |
0 20 40 60 80 0 20 40 60 80
Number of Processors Number of Processors

Key conclusion: ESMF-compliant coupling adds minimal
computational overhead relative to native models

Earth-5un System Technelogy Office
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WRF/LIS and WRF/GCE

Performance scaling for the coupled systems

9
8 i
7 i
6 i
S5
he)
()
o 4
)
31 o WRF (100x100)
2 | ~ = WRF (200x200)
. —A— GCE (128x128)
—x— GCE (256x256)
0 [ [ [ [ I I
0 10 20 30 40 50 60 70
Number of Processors
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Scientific Evaluation: June 12 "Real” Case

Overview of LIS Spinup Impact on WRF+LIS Precipitation

24 hour accumulated precipitation with 24 hour accumulated precipitation with
default soil initialization LIS 7.5 year spinup soil initialization

50.00

0.000

L L

Earth-5un System Technelogy Office
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Scientific Evaluation: June 12 Case

Radar Derived Precipitation vs. Modeled Precipitation (mm)

: MT Junel3th, 2002
Observed Radar Derived surfRGMT I Modeled WRF+LIS Precipitation
Precipitation (Source: NOAA/NCEP) using LIS initial surface conditions

1151

1151
100.0

75.00
30.00

25.00

0.500

28 Earth-5un System Technelogy Office

Coupling High-Resolution Earth System Models Using Advanced Computational Technologies



Scientific Evaluation: June 12 Case

Domain Integrated Precipitation versus Time

__ 3.50E+05 -

S , L
______Observed: Radar+Gauge .

£ 3.00E+05

S 2 50E+05 WRF/LIS Modeled using Radar+6auge |

+ precipitation for LIS uncoupled Spinup |

S 2.00E+05 -+

‘O WRF/LIS Modeled using NOAA Model

S 1.50E+05 - precipitation (6DAS) for LIS

% uncoupled Spinup |/

£ T.00E+05 7 WeF/LIS Modeled using WRF

S 5.00E+04 | Standard Im:;al:aﬂon (WRFSI) w/o

E

— 0.00E+00Q 7% 7% s 1y

Q Q Q Q Q Q Q Q Q Q Q Q
oQ oQ ‘Q .Q OQ OQ .Q .Q 0Q oQ oQ ’Q

Hour Starting on June12

GDAS=6Global Data Assimilation System (NOAA/National Centers for Environmental Prediction (NCEP))
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Project Highlights and Future Plans

1. TRL Advancement
TRL3 technologies advanced to TRL4 (Goal: TRL6)
LIS-WRF is TRL5, working on LIS-GCE

2. Recognition

LIS selected as GSFC's 2005 Software of the Year Award
nominee. NASA-wide competition June 22-23, 2005.

3. Technology Transfer to NOAA and DoD

LIS is currently being benchmarked for potential
operational use at NOAA's National Centers for
Environmental Prediction as well as the Air Force Weather
Agency.

4. Benchmarking on Columbia

—_We have been allocated 150,000 hours on Columbia fog=5770)
Coupling High-Resépetrcumvairdgingn dwndkladditionatescating tstudiebokoes theso =



Coupling High-Resolution Earth System Models Using
Advanced Computational Technologies

Christa Peters-Lidard, GSFC

Objectives

+ Apply advanced computational technologies to the
problem of coupling high-resolution Earth system
models

* Combine the emerging technologies of the Earth
System Modeling Framework (ESMF), the Land
Information System (LIS) and the Grid Analysis and
Display System (6rADS)/Distributed Oceanographic
Data System (DODS) and couple them to the Weather
Research and Forecasting (WRF) model and the
Goddard Cumulus Ensemble (6CE) model to enable high-

[ution model
ACEomplishments

* Delivered design document for coupling LIS to GCE and WRF with ESMF.

* Populated LIS GrADS/DODS Server (6DS) with data for the 2002 International H20 Project (IHOP)
experiment.

+ Completed fully ESMF-compliant coupling of LIS and WRF and LIS and GCE

* Advanced the TRL 3 technologies in LIS and ESMF to TRL4.

+ Completed IHOP synthetic and real cases with WRF, and synthetic cases with GCE

- Demonstrated improvement of precipitation prediction due o LIS/WRF coupling

CoI: Wei-Kuo, Tao, GSFC TRL,=3: TRL,-= 4 (=ini i
Paul Houser, GMU/IGES = -
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